In this study, the effect of electroless Ni-P plating on the mechanical properties of Al-4%Ge alloy was investigated. As the results, the following points were clarified. (i) Tensile strength of the specimen subjected to the Ni-P plating after aging treatment or furnace cooling treatment was improved by about 10% in comparison to one of the non-processed specimens. (ii) Breaking elongation of the specimen subjected to the Ni-P plating after aging treatment showed no significant changes in comparison to one of the non-processed specimens. On the other hand, breaking elongation of the specimen subjected to Ni-P plating after a furnace cooling treatment was reduced to 70% in comparison to one of the non-processed specimens. (iii) Fatigue strength of the specimen subjected to the Ni-P plating after a furnace cooling treatment was overall reduced rather than one of non-processed specimens. (iv) Fatigue strength of the specimen subjected to the Ni-P plating after aging treatment was overall reduced, except for the low-stress region, rather than one of the non-processed specimens. (v) In the specimen subjected to Ni-P plating after a furnace cooling treatment or aging treatment, clear hydrogen desorption was recognized. On the other hand, there was only hydrogen desorption from a few of the non-processed specimens. Especially, it is considered that the poor fatigue strength and ductility of the plating materials are mainly due to the interaction between the surface precipitates and hydrogen gas.
Introduction
Aluminum alloy is lightweight and superior in recyclability and high strengthening by a heat-treatment is also expectable. Therefore, further applications to transportation equipment etc. have been expected. In automotive components in which Al-Si based alloy etc. for casting have been used, repeated load is very often applied and wear resistance and fatigue strength higher than certain level are required. We have tried to improve the mechanical property of Al-1.2%Si alloy by applying electroless nickel-phosphorous (Ni-P) plating that is considered to be effective for the wear resistant improvement of the Al alloy and forms very hard film, after applying heat-treatment on Al-1.2%Si alloy. In the results, it was revealed that the tensile strength was improved in all cases, however, the degrees of elongation and the fatigue strength were greatly varied depending on heat-treatment condition 1) . Especially, the fatigue strength was decreased by plating in the case that the coarse micron (μm) sized precipitate was generated near the surface of specimen. The results were interpreted that part of hydrogen gas generated during plating penetrated into material and was accumulated near the interface between μm sized precipitate on surface of specimen and plating film under load, and it might affect the generation of microcrack 1) . Later, it became clear that hydrogen gas was occluded in the material by plating 2) .
In this study, for Al-Ge alloy in which the deposition behavior is resemble 3)~5) and μm sized precipitate is generated 6, 7) , mechanical property change by plating after heat-treatment and hydrogen desorption during temperature rise were investigated.
Experimental
The alloy used in the experiment was Al-4%Ge as a composition which was made by melting and casting of two pure metals such as 99.996% Al and 99.999% Ge in a highly pure alumina melting pot in the atmosphere. After the homogenization treatment of obtained ingot at 693K for two days, the plate material of 0.7 mm thickness was obtained by a hot forging and a cold rolling together with an intermediate annealing.
As heat treatment, after solution heat treatment of each specimen at 693K, furnace cooling treatment that specimen was cooled down to room temperature in the furnace, or solution heat treatment at 693K for 3.6ks was applied and then quenching into iced water at 273K and ageing treatment at 473K for 6ks were applied to each specimens.
Degreasing, pickling and zinc substitution treatment (so-called zincate treatment), were applied to each specimen after heat treatment as pretreatment of electroless nickel -phosphorus plating. Usually, double Zincate treatment that zincate treatment is repeated two times is industrially common 8), 9) . However, in the case of the specimen used in this study, plating film formation after double zincate treatment was not good enough. Therefore the film with good adherence was formed after repeating zincate treatment 5 times. The specimen pretreated as described above was soaked in the electroless nickel -phosphorus plating solution at 363±3K for 5.4ks. The thickness of film obtained was about 30 μm. For each specimen after a furnace cooling treatment only (abbreviated to FC) and nickelphosphorus plating after FC and zincate treatment (abbreviated to FC+Z+NP) and aging treatment only (abbreviated to AG) and nickel -phosphorus plating after FC and aging treatment (abbreviated to FC+Z+AG), tension test was carried out at 2x10 -4 s -1 of initial strain rate at room temperature (293K) by using Instron type material testing machine and tensile strength and breaking elongation were calculated from the stress σ-strain ε curve obtained. Then, some of specimen after various heat treatments and 5 times of zincate treatment were used for fatigue test as it is, and after nickelphosphorus plating process was applied to residual each specimen, they were set up on fatigue testing machine and the repetition number (N) to break was measured under various repeated tensile stress amplitudes (σ) at none of stress ratio, at 30 Hz of frequency and at room temperature (273K).
The evaluation of hydrogen storage quantity was carried out by using gas chromatography type temperature programmed hydrogen desorption analyzer (detector, thermal conductivity detector). The behavior of desorption during temperature rise of hydrogen occluded in specimen with and without electroless plating was investigated. The experimental condition was at 27.8 K/ks of rate of temperature rise, at 853K of attainment temperature and for 0.3ks of measurement interval. Hydrogen storage quantity (weight ratio of hydrogen to the whole specimen) was calculated from the relation between hydrogen desorption rate from room temperature to 623K and the temperature rising time.
Results and discussion
Surface texture after heat treatment. The results of specimen surface after each heat treatment observed by the optical microscope were shown in Fig.1 (a) and (b). In (a), it was shown that the coarse precipitates with size from several μm to several 10 μm were formed uniformly for the whole crystal grain on the specimen surface, in furnace cooling FC material to room temperature after the solution heat treatment at 493K. These were further larger precipitates than that of Si phase 1) in Al-Si
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(a) (b) Fig.1 Surface structure of specimen (a) after furnace-cooling from 693K to 293K. (b) aged at 473K for 18ks after quenching from 693K to 273K.
alloy. It was revealed by EDX analysis and others that this precipitate was Ge phase. On the other hand, in AG material aged at 473K for 6ks after quench hardening, several μｍsized precipitate which was smaller than that in FC material was recognized as shown in (b). The reason why such coarse Ge precipitate was generated near surface can be explained as following. The formation of Ge-vacancy cluster can be expected because the bond energy of Ge atom with vacancy is considerably large 10) . In addition, excess vacancy near surface diffuses to surface together with Ge atom and then may disappear, because specimen surface acts very effectively as disappearance site of excess vacancy 11), 12) . In the case of FC material, it was thought that large number of Ge atoms were carried near surface and vacancy disappeared and the coarse Ge precipitate was formed with residue Ge atom because high concentration of vacancy existed at high temperature such as 623K during furnace cooling and the diffusion rate was large. In addition, the formation of μm sized precipitate which was not observed in Al-Si alloy was observed in the case of AG material. The cause of this phenomena is thought that large number of solute atoms accumulated near surface during quench hardening and then it was grown to μm sized precipitate during subsequent aging treatment because the bond energy of Ge atom with vacancy is considerably larger than that of Si atom 10) . The Ge concentration near surface was apparently higher than that in central part of specimen 13) when the concentration distribution was measured by EPMA in cross section of alloy specimen aged in the vicinity of room temperature for about one day after quench hardening. However, such phenomena was not observed in the case of Al-1.2%Si aged at room temperature. Therefore, it can be thought that Ge diffusion in Al was easily occurred even at room temperature in this alloy according to vacancy diffusion mechanism.
Hardness and tensile property. Hardness of specimen after each heat treatment and hardness of the nickel-phosphorus plating film were evaluated by micro Vickers hardness measurement, prior to examine tensile property. As the results, average hardnesses were 47Hv, 55Hv and 570Hv for HC material, AG material, and the nickel-phosphorus plating film respectively. Therefore, it was revealed that the nickel-phosphorus plating film was 10 times harder than those of both heat treated materials. The tensile strength and the breaking elongation calculated from the stress σ-strain ε curve obtained for each specimen of FC, FC+Z+NP, AG, or AG+Z+NP were shown in Table1. From the table, it was revealed that the tensile strength after plating was increased 10% in both cases of furnace cooling and aging treatments. The volume ratio of film can be estimated to be about 10% since the thicknesses of specimen and film was 600μm and 30μm respectively. It is thought that the existence of plating film which was much harder than alloy specimen portion contributed to the increase of the tensile strength. In addition, in the materials after ageing treatment, no remarkable change of the breaking elongation was observed after plating. In both cases, the values were about 9% which was rather small. Table 1 Variation of tensile strength,σ b and fracture elongation, El by plating.
It is thought that this is caused by the microstructure at peak aging. According to the results of TEM observation 14) , the Ge precipitate with average size of 124 nm was uniformly formed in crystal grain, however, the precipitate-free zone was also formed near the grain boundary and the coarse Ge precipitate with average size of 254 nm was formed. The fracture surface presented an appearance of the partial intergranular fracture. Therefore, it can be thought that the Ge precipitate on grain boundary became starting point of break and it made breaking elongation smaller. On the other hand, in the materials after furnace cooling, breaking elongation after plating was decreased to about half. As the cause of this results, it is thought that large force suddenly might add to unelongated base material just when the plating film was broken because very hard plating film was formed on soft base material, or that the part of hydrogen gas generated abundantly during zincate treatment and plating remained inside of specimen and it diffused and accumulated around μm sized precipitate near surface at the time of tensile load and it might accelerate the break. However, the details is not clear at moment.
Fatigue strength.
The results related to the effect of nickel-phosphorus plating to S/N curves of FC and AG materials were shown in Fig.2(a) and(b), respectively. As clearly shown in (a), the fatigue strength in FC material was decreased by the plating. On the other hand, in the case of AG material, it was shown that the fatigue strength of material after aging treatment only was higher when the stress amplitude was higher, however, the fatigue strength of the plated material after aging treatment became higher as the stress amplitude became smaller. Considering the effect of plating to FC and AG materials, it is thought that the plating films themselves were not different because both plating conditions were same and the difference in the tendency of fatigue strength decrease by plating might (a) (b) Fig.2 Relations between stress (σ) and number of cycles to failure (N) for specimens;○ plated or △unplated after (a) furnace-cooling, (b) aging. be related to the surface condition of specimens after the heat treatment.As the summary of the effect of the plating to the fatigue strength, it can be said that the fatigue strength is always improved by the plating when no precipitate exists on surface 1, 2, 15) , however, the plating gives bad effect when the coarse precipitate exists on surface 1, 2) . However, the clear explanation for the cause of the phenomena cannot be provided at this moment. We think that we will further investigate this subject by the detailed fracture surface observation and so on.
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Evaluation of hydrogen desorption quantity. It is said that the generation of hydrogen gas occurs during the zincate treatment and plating of aluminum alloy 16) . Therefore, to confirm whether hydrogen is actually occluded in the specimen by the plating or not, the measurement of hydrogen desorption quantity during temperature rise was carried out for each treated materials. The results of hydrogen desorption test during temperature rise for the various plating film thicknesses of FC+Z+NP material were shown in Fig.3 . As clearly shown in figure, the peak of hydrogen desorption was observed around 323K ~423K and 573K~623K regardless of plating film thickness in both materials. On the other hand, no hydrogen desorption was observed up to about 473K in untreated materials and the slight desorption was observed above about 523K. It was thought that hydrogen desorption from Fig. 3 Hydrogen desorption rate vs. temperature for specimens; 10μm plated, 1μm plated or unplated after furnace-cooling.
the plated material at lower temperature might be from the plating film, and hydrogen which had been blocked by the plating film and occluded inside of alloy material might be desorbed at higher temperature, however the details was not clear. The quantity of hydrogen desorption from 293K to 623K was calculated from Fig.3 . As the results, the quantity of hydrogen desorption from the plated material was much higher in comparison to that from untreated material and the quantity was higher when the plating film thickness was larger. It is likely that the part of hydrogen generated during the plating was occluded inside of plating film and alloy and higher quantity of hydrogen was occluded in specimen after longer plating period and with thicker plating film. For AG+Z+NP material with about 10μm thickness of the plating film, similar level of quantity of hydrogen desorption was obtained in the quantity measurement of hydrogen desorption. In addition, the quantity of hydrogen desorption from untreated material was small as same as the case of the furnace cooling material. In the case of this study, it is thought that the penetration of hydrogen into base material became easier because extremely thin zinc film was formed by the zincate treatment and the thick oxide film on the surface of alloy base material was removed. In addition, it has been regarded that the zincate film is extremely thin 16) and the hydrogen desorption during fatigue test might be easy. Therefore, it is thought that such hydrogen was accumulated at the interface between the coarse Ge precipitate existed around surface of the furnace cooling material, base phase and dense and amorphous nickel-phosphorus plating film with thickness of about 30 μm, and it might accelerate generation of microcrack.
Summary
The effect of electroless Ni-P plating on the mechanical properties of Al-4%Ge alloy has been investigated. As the results, the following points were clarified.
(1) In FC and AG materials, it was revealed that both tensile strengths were improved about 10% after the plating.
(2) In AG material, no significant change of the breaking elongation was observed after plating. On the other hand, in FC material, the breaking elongation was decreased to 70% after the plating.
(3) The fatigue strengths of FC+ Z+NP material were overall decreased. (4) The fatigue strength of AG+Z+NP was increased in low stress amplitude region, however, it was decreased in high stress amplitude region. (5) In both FC+Z+NP and AG+Z+NP materials, similar quantities of hydrogen desorption caused by plating were detected. (6) It was thought that the reason of fatigue strength deterioration of FC material after the plating was that the part of hydrogen generated during the zincate treatment was occluded inside of the furnace cooling material and was accumulated at the interface between μm sized precipitate and the plating film near surface under stress load, and it might accelerate the generation of microcrack.
